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Abstract

Damage to masonry infill walls can result in substantial property loss and pose a serious
risk to human safety. The behaviour of masonry walls under seismic load and the corre-
sponding consequences must be effectively characterized for reliable damage estimation.
Some drift-based fragility functions have been proposed based on experimental datasets
in literature; however, the high dispersion and inconsistencies of findings hinder their reli-
ability in damage assessment. Therefore, this paper aims to derive a reliable fragility curve
for reinforced concrete infilled frames using numerical analysis. The analysis models were
designed based on different infill parameters, including type of panel, infill strength, wall
thickness, and aspect ratio. The cracking and crushing of concrete and masonry were
simulated using the total strain crack model. The findings were validated against several
experimental studies in the literature. A new damage state definition based on visible
cracks ratio was proposed. The results indicate that damage capacity, crack pattern, and
failure mode are strongly related to wall properties. It was also observed that infill strength
and the presence of opening have a significant influence on the fragility of masonry infill.

Keywords Masonry infills - In-plane behaviour - Finite element method - Fragility
curves

1 Introduction

Among natural hazards, earthquakes are one of the most devastating natural events due

to their catastrophic influence on civil structures in terms of loss of functionality, social
consequences, monetary losses, and casualties (Erdik et al. 2023; d’Aragona et al. 2024).
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The damage analysis has highlighted the significant impact of non-structural components
on earthquake damage, however, infill panels are generally neglected in practice-oriented
structural analyses for design or assessment purposes (Demirel et al. 2023). Masonry infill
walls are stiff but have relatively low strength compared to the surrounding frames, mak-
ing them susceptible to significant damage at low lateral drifts when the system is elastic
(Furtado et al. 2020; Dias-Oliveira et al. 2022).

The recent regulations of seismic performance assessment methodologies have empha-
sized the necessity of correlating building damage states with engineering demand parame-
ters to establish a robust component fragility curve (Banihashemi et al. 2024). Subsequently,
building component damage states are transformed into performance evaluation metrics
using a defined loss function.

Damage states (DSs) for masonry infill have been proposed by some seismic codes. In
most cases, designers are required to check the specified limit for inter-story drift (ISD)
irrespective of the infill walls varying material and geometric properties. FEMA 356 (2000)
developed three performance levels, namely immediate occupancy, life safety, and col-
lapse prevention corresponding to specific ISD limits, while Eurocode 8 (2005) set a limit
between 0.5% and 1% for infill RC frames and a drift ratio within 1/50 was recommended
by GB 50011—2010 (2016). However, most codes lack specific provisions for limiting in-
plane damage to infill walls, as the influence of infill material properties on the damage
limits is often not considered.

Although there has been extensive research on masonry infill walls, the majority of stud-
ies have mainly concentrated on improving the understanding of their seismic response
through the evaluation of strength and stiffness. Some researchers, utilizing infill wall exper-
imental databases, have associated in-plane drift limits of infill walls with different DSs.
Cardone and Perrone (2015) developed drift-based fragility functions using 55 specimens
from 19 studies. Sassun et al. (2016) also established a set of in-plane fragility functions
using experimental data. The results highlighted the significant impact of wall properties,
such as unit type, on the fragility functions. Chiozzi and Miranda (2017), on the other hand,
indicated that unit type has no significant effect on all damage states, which is the opposite
of the findings reported by Sassun et al. (2016). Risi et al. (2018) derived in-plane fragility
functions for masonry infill with hollow clay brick. The researchers reported a significant
effect of masonry compressive strength and unit hole direction for DS2 and DS4. However,
only two damage states were estimated for panels with openings due to limited data about
damage progress. Xie et al. (2022) investigated the influence of brick and wall typology on
in-plane fragility function by conducting an experimental test on nine full-scale infill RC
frames. The researchers highlighted that the type of brick did not have an important effect on
all DSs. Liu et al. (2022) collected data from 46 studies to develop in-plane fragility func-
tions with four damage states. The proposed fragility function shows high dispersions for
all damage states (B>0.6) which exceed the FEMA P-58 (2018) limitation for high-quality
fragility curves. Liu et al. (2024) derived fragility functions based on comprehensive experi-
mental data considering the effect of material properties, geometric features, and in-plane
and out-of-plane load interactions. It was found that the compressive strength of masonry
infill is the major influencing factor across all DSs, while a limited impact of slenderness
ratio (SR) and aspect ratio (AR) was reported.

The majority of the adopted experimental data for the development of fragility function
(Cardone and Perrone 2015; Sassun et al. 2016; Chiozzi and Miranda 2017; Risi et al. 2018;
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Liu et al. 2022, 2024) were conducted on RC frame (84%), aspect ratio (hy/1,) less than 1.0
(75%), wall thickness (t;) of less than 150 mm (80%), and masonry strength (F,,,) of less than
8 MPa (75%) as summarized in Fig. 1. While these characteristics reflect typical configura-
tions in experimental studies on infill walls, tests on RC frames with high-strength infills,
thicker walls, a wider range of aspect ratios, and openings remain limited in the current
database. In this context, several experimental studies have demonstrated that aspect ratio,
material type, wall thickness, and the presence of openings are among the most influential
parameters governing the in-plane seismic behaviour of masonry infill walls (Mehrabi et
al. 1996; Calvi and Bolognini 2001; Al-Chaar et al. 2002; Cavaleri et al. 2005; Stylianidis
2012; Hak et al. 2013, 2017; Kubalski et al. 2017; Morandi et al. 2018, 2025; Butenweg et al.
2019). Diagonal compression failure typically occurs in slender walls (hy/1;>1.5), while slid-
ing shear and corner crushing failure are primarily observed in squat walls (hy/1; < 1) (Asteris
et al. 2011; Basha and Kaushik 2016). Material properties also significantly influence the
behavior of masonry infill. Hollow brick showed a higher drift capacity than solid brick at a
high damage state (Del Gaudio et al. 2019), and strong infill provided greater strength, stiff-
ness, and energy dissipation under seismic loading compared to weak infill (Kakaletsis and
Karayannis 2008; Furtado and de Risi 2020). Thick infill walls enhance in-plane strength
and damage resistance under seismic loading by improving brick interconnection and limit-
ing perpendicular joint vulnerability (Huang et al. 2012; da Porto et al. 2013; Misir et al.
2016). Openings generally reduce lateral strength, stiffness, and energy dissipation, with the

100% 50%
80% 40%
60% 30%
2 40% - 20%
* X
20% 10%
" [ ] -
RC Steel CES 0-4 4-8 8-14 14-20 >20
Type of frame Fmn (MPa)
(a) (b)
70% 50%
60%
40%
50%
40% 30%
k7] ®
O Q
° 30% 2 20%
" 20% °
10%
10%
0% 0%
04-06  06-0.8 0.8-1 14-16 0-100 100-150 150 -200 200 -300 > 300
Aspect ratio Wall thickness (mm)
(©) (d)

Fig. 1 Infill properties distribution for the collected database of 100 specimens based on (a) type of frame,
(b) masonry strength (F ), (¢) aspect ratio, and (d) wall thickness
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extent of reduction depending on opening size and void ratio (Combescure and Pegon 2000;
Sigmund and Penava 2012; Decanini et al. 2014; De Risi et al. 2018). Failure modes also
influence drift capacity, with sliding shear failures allowing higher drifts before collapse.
Even after cracking or sliding, infill panels maintain some lateral strength capacity for the
infilled frame (Dias-Oliveira et al. 2022).

While geometry, material properties, wall thickness, and openings are recognized as key
parameters influencing the seismic performance of infill walls, there remains a lack of con-
sensus regarding their specific effects on in-plane capacity, failure mechanisms, and damage
evolution (De Risi et al. 2018; Chiozzi and Miranda 2017; Shah et al. 2019). For instance,
it is widely accepted that wall thickness can significantly impact the in-plane damage states
of infill walls. However, Liu et al. (2024) reported that wall thickness does not affect in-
plane drift beyond damage thresholds, indicating inconsistencies in the literature regarding
the influence of wall thickness on in-plane behaviour. Similarly, Kakaletsis and Karayannis
(2008) found that openings increase drift capacity, while other studies report significant
reductions in in-plane capacity for infills with openings compared to solid panels (Xie et al.
2022; Di Trapani et al. 2024).

Although numerous variables have been identified in previous research regarding in-
plane capacity and damage assessment, the conflicting findings and large variations under-
mine their reliability in evaluating the damage. Also, determining DSs from existing test
results presents challenges due to inadequate descriptions of damage to masonry walls. The
absence of quantitative damage data and reliable criteria for DS determination undermines
the reliability of fragility functions and may contribute to contradictory research findings.
To overcome these limitations, a comprehensive investigation of infill walls with diverse
characteristics, particularly in terms of damaged behaviour, is essential. Experimental tests
incur high costs and are time-consuming, while the contribution of infill to overall frame
response should be considered. Consequently, numerical modelling is widely employed
to accurately capture nonlinear phenomena and various crack patterns that develop at the
masonry unit and joint levels (D’ Altri et al. 2019; Iannacone et al. 2021).

This research seeks to address the key challenges in determining the probability of dam-
age to masonry infill. It focuses on three critical aspects, namely characterizing infill mate-
rial properties and their impact on the damage behaviour of infilled RC frames, assessing
damage probability through multiple structures with a concentration on the interaction of
the damage state with wall properties and applied load, and developing an effective method
for damage quantification of infill walls. To this end, thirty-seven infill masonry walls with
various parameters were analyzed using a micro finite element model. The influence of
masonry infill compressive strength, aspect ratio, wall thickness, and the presence of open-
ings have been meticulously assessed. A new definition of damage states concerning visible
cracks was proposed. Drift-based fragility functions for masonry infill walls subjected to
in-plane loading have been presented.
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2 Numerical model
2.1 Model description

Several framed masonry specimens were designed at a scale of 2/3 to represent a single
span of a typical multi-story residential building. The scaled specimens effectively capture
key seismic performance parameters, such as drift capacity, cracking patterns, and stiffness
degradation, as demonstrated in previous studies (Penava et al. 2016; Trapani et al. 2024),
while reducing computational cost and providing consistency with available experimental
data. Frames were designed as medium-ductility class (DCM) in compliance with Eurocode
8 (2005). The RC columns were fixed to a foundation beam of 400 x 400 mm cross-section.
The longitudinal and transverse reinforcements with diameters of 12 mm and 6 mm respec-
tively were designed for both columns and beams. The dimensions and reinforcements of
the RC frames were identical for all the specimens and are shown in Fig. 2.

37 specimens with varying parameters, ranging from opening type, aspect ratio (AR),
wall thickness, and infill strengths were developed, as shown in Table 1. The infilled RC
frames were divided into two main categories, namely full infill wall (FI) and infill with
opening. Depending on the type and location of the opening, the infilled frames were
denoted as CW (centre window), SW (side window), and DO (middle door opening), as
illustrated in Fig. 2 and identified by the first two letters in the specimen ID (Table 1). The
opening percentages (A /A) were 16% and 22% for window and door openings respec-
tively. The opening eccentricity (1/1;), the ratio between the horizontal distance of the centre
of the opening and the length of the infill, for the side window was equal to 0.3. Next, the
walls were categorized based on the aspect ratio (hy/1;) of 0.6, 1, and 1.6. This is denoted by
the middle number in the specimen ID. The height of the panel was kept constant at 2 m,
except for specimens with an AR of 1.6, where a 3 m wall height was adopted. In each
category, several wall panels were designed with thicknesses (t;) of 10 cm and 20 cm, and
low to high infill strength (F,,). The compressive strength of low-strength infill was 2 MPa
mortar joint and 2 to 6 MPa brick units. On the other hand, high-strength infill was designed
with 8 MPa mortar and brick strength between 12 and 18 MPa. The last number of the
specimen ID refers to the strength and thickness of the infill, where L and H denote low and
high strengths respectively, while 1 and 2 refer to 10 cm and 20 cm thickness respectively.

2.2 Material constitutive model

In this study, a simplified two-dimensional (2D) micromodel was adopted for analysis of the
infill RC frame as only in-plane loading was applied. Mortar layers and the interfaces were
concentrated in a zero-thickness interface, and masonry units were expanded to guarantee
that the geometrical dimensions of the whole system remained the same. In this way, it was
possible to capture the sequenced failure of the masonry infill wall and avoid modelling
the mortar (Fig. 3). For each material, the appropriate constitutive law capable of describ-
ing its structural behaviour was used. The behaviour of concrete was described using the
Mackawa-Fukuura model (Prionas et al. 2020). In this model, the compressive regime is
depicted using a multi-axial damage plasticity model, and the tensile regime is expressed
through a crack model based on total strain, along with a description of hysteresis in tensile
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The behaviour of masonry units was described using a total strain crack model with a
rotated crack. It is based on a smeared failure approach for the fracture energy in which one

stress-strain relation is used to describe the material behaviour in tension and compression
(Ferreira 2021). The average value of Poisson’s ratio for masonry is within the range of 0.13

to 0.15. The modulus of elasticity (E) of masonry can be evaluated using Eq. (1).

pringer

and compressive unloading-reloading loops. The concrete model input data is presented in

Fig. 2 Dimensions of analysed models, showing (a) detailing of RC frame, (b) full infill frame (FI), (c)
Table 2.

central window opening (CW), (d) side window opening (SW), and (e) door opening (DO)
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Table 1 Typological and geometrical features of the analysis models
SpecimenID N hi(cm) L(cm) t(cm) (h/l) F_ (MPa) 1/h (cm) AJ/A(%) L/

FI-0.6-L1 3 200 300 10 0.6 2-6 0 0 0
FI1-0.6-L2 2 200 300 20 0.6 2-6 0 0 0
FI-0.6-H1 3 200 300 10 0.6 12-18 0 0 0
FI-0.6- H2 2 200 300 20 0.6 12-18 0 0 0
FI-1.0-L1 3 200 200 10 1 2-6 0 0 0
FI-1.0-L2 2 200 200 20 1 2-6 0 0 0
FI-1.0- H1 3 200 200 10 1 12-18 0 0 0
FI-1.0- H2 2 200 200 20 1 12-18 0 0 0
FI-1.6- L1 2 300 200 10 1.6 2-6 0 0 0
FI-1.6- H1 3 300 200 10 1.6 12-18 0 0 0
CW-0.6-L1 1 200 300 10 0.6 5 100/95 16% 0.5
CW-1.0-L1 1 200 200 10 1 5 90/70 16% 0.5
CW-1.6-L1 1 300 200 10 1.6 5 100/95 16% 0.5
CW-0.6-H1 1 200 300 10 0.6 12 100/95 16% 0.5
CW-1.0-H1 1 200 200 10 1 12 90/70 16% 0.5
CW-1.6-H1 1 300 200 10 1.6 12 100/95 16% 0.5
SW-0.6-L1 1 200 300 10 0.6 5 100/95 16% 0.3
SW-0.6-H1 1 200 300 10 0.6 12 100/95 16% 0.3
DO-0.6-L1 1 200 300 10 0.6 5 80/165 22% 0.5
DO-1.0-L1 1 200 200 10 1 5 70/130 22% 0.5
DO-0.6-H1 1 200 300 10 0.6 12 80/165 22% 0.5
DO-1.0-H1 1 200 200 10 1 12 70/130 22% 0.5
a N=number of analyzed specimens
E=a-(Fm)® (1)

There is a significant variation in the coefficients a and b have been reported, where coef-
ficient a ranges between 400 and 2500 and the coefficient b between 0.5 and 1 (Brooks
2015; Guadagnuolo et al. 2020). The average value for coefficients @ and » was 328 and 1
as reported by Drougkas et al. (2015), which was adopted in this study. The Mode-I fracture
energy (GF) of a masonry unit is considered to be 10% of its tensile strength (Baietti 2021),
while Mode-II fracture energy (GFy;) is assumed to be 10 times GF; (De Villiers 2019; Bai-
etti 2021). The masonry model input parameters are given in Table 2.

The Mohr-Coulomb criterion with tension cut-off was selected to describe the contact
between the masonry units as well as the infill and surrounding frame. For simplification
purposes, the contact between masonry units, column and infill, and beam and the infill have
been assumed to be the same. Initial elastic (K ,,) and shear stiffnesses (K,,) were evaluated
using the expressions from K, = E/t and K, = G/t, where E is the modulus of elasticity, G
is shear of the surrounding material and t is the thickness of the mortar (Penava et al. 2019).
Friction angle (Fa) in the range between 0 and 0.005 was adopted and cohesion (C,) can be
assumed equal to tensile strength (Milani and Lourengo 2013; Pluijm et al. 2000). The input
data of bed and head joints are presented in Table 3.

The Menegotto-Pinto model was utilized for longitudinal and transversal steel reinforce-
ments (Penava et al. 2016). The Young’s moduli for longitudinal and transverse reinforce-
ments were assumed to be 200 GPa and 180 GPa respectively. Yield stresses were assumed
to be equal to 420 MPa for longitudinal and transverse reinforcements. The constants a; to
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Interface T Expansion of
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Fig. 3 Simplified micromodel (from Penava et al. 2016)

Table 2 Mechanical properties of concrete and brick units

mu

Zero thickness
h mu+tm

Mortar bed

joints

Parameter Concrete Low-strength brick High-strength brick
Young’s modulus, Ex (MPa) 24,300 21004200 8400-11,900
Young’s modulus, Ey (MPa) - 1050-2800 1400-1750
Poisson’s ratio, v (-) 0.16 0.13 0.13
Compressive strength, F, (MPa) 27 3-6 12-17
Tensile Strength, F, (MPa) 2.7 0.3-0.6 1.2-1.7
Mode-I tensile fracture energy, GF; (N/mm) - 0.015-0.03 0.06-0.085
Mode-II fracture energy, GFy; (N/mm) - 0.15-0.3 0.6-0.85
Table 3 Mechanical properties of the interface
Parameter Bed joint Head joint

Low strength High strength Low strength High strength
Compressive strength (MPa) 3 8 1.5 5
Young’s modulus, E (MPa) 1750 5600 1050 3360
Shear modulus, Gy (MPa) 930-1860 3720-5260 470-1240 620-1300
Normal stiffness, K, (N/mm?) 260-530 1050-1500 130-350 175-350
Shear stiffness, K, (N/mm?) 120-250 660-750 60-160 80-160
Cohesion, C, (MPa) 0.3 0.8 0.15 0.5
Friction angle, Fa (rad) 0.005 0.005 0.005 0.005
Dilatancy angle (rad) 0 0 0 0
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a, are used for defining the hysteretic behaviour of the reinforcement, and they are evaluated
based on the material’s cyclic stress-strain response. The input parameters for reinforcement
are shown in Table 4.

2.3 Element, mesh properties, and boundary conditions

Concrete and masonry units were modelled using quadrilateral isoperimetric plane finite
elements with eight-node (CQ16M), reinforcement with a two-node bar element connected
to the eight-node concrete element at the two external nodes, and a 3-point line interface
element (CL121) for the interface. The adopted interface model is capable of modelling
cohesion, separation, and cyclic behaviour. Mesh size significantly affects the quality of
numerical results, where a fine mesh takes a long calculation time without significant
improvements in accuracy, while a coarser mesh yields incorrect results. A mesh conver-
gence study was performed by testing element sizes ranging from 1/2 to 1/10 of the structure
element size, with 1/4 found to provide a good balance between accuracy and computational
efficiency. Displacement and force boundary conditions were set similar to the experimen-
tal test conditions using a fixed-base beam and the prevention of vertical movement in the
column ends. Vertical and lateral loads were applied at the beam-column joint and the beam
ends respectively (Fig. 4). Vertical loads depend on force from upper stories, resulting in
10 to 16% of the column average capacity. In this study, a vertical load in the amount of
200 kN was applied to the top of the column, which simulates the loading from the upper
floors. For proper load distribution, linear elastic steel pads were placed at the beam and
column ends, as in the experimental tests. Newton—Raphson method was used to solve the
non-linear equations.

2.4 Loading protocol

The selection of a loading protocol for unreinforced masonry walls should align with system
properties and regional seismic demand, as displacement capacity is affected by the number
of cycles to failure (Beyer et al. 2014). While standardised protocols developed for high-
seismicity regions, such as ATC-24 (1992), often impose more cycles than necessary (Kra-
winkler 2009), the use of fewer cycles is recommended for testing masonry walls (Mergos
and Beyer 2014). Reflecting these considerations, a unidirectional quasi-static cyclic load-
ing protocol recommended by FEMA 461 (2007), appropriate for component-level fragility
assessment under typical seismic demands, was utilised for developing fragility functions
in this study. This load protocol can be used for structural and non-structural components
(De Francesco et al. 2022). The quasi-static cyclic loading started from a drift amplitude of

Table 4 Mechanical properties of  parameter Value

reinforcement Young’s modulus, E (GPa) 180
Yield stress, Fy (MPa) 420
Initial tangent slope ratio 0.0028
Initial curvature parameter 20
Constant a; 18.5
Constant a, 0.15
Constant a, 0.01
Constant a, 7
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Fig. 4 Boundary condition of analysis models

1.5 mm. The amplitude was increased 1.4 times for each load increase with two repeated
cycles for each amplitude to reach a maximum drift displacement of 84 mm.

3 Model validation

To validate the numerical findings, several experimental studies from literature with various
infill properties were reproduced. The selected studies were conducted at different scales
and included specimens with low brick strength solid infill (MV1) (Verderame et al. 2022),
low bond strength solid infill (MV2) (refers to significantly weak tensile and shear bond
at the unit-mortar interface), infill with window (MV3) and door (MV4) openings (Kaka-
letsis and Karayannis 2008), and high brick strength solid infill (MV5), and with openings
(central window (MV6), side window (MV7), and door (MV8) (Trapani et al. 2024). These
specimens provide detailed descriptions of damage progression and include variations in
infill type and properties, aligning with the objectives of this study. While the use of scaled
specimens may introduce some limitations, the unit dimensions in most validation speci-
mens were configured to be compatible with the frame scale, either through unit scaling
or by utilizing sufficiently small bricks to minimize scale effects on structural behavior
(Kakaletsis and Karayannis 2008; Trapani et al. 2024). The primary purpose of the vali-
dation approach herein is to evaluate the validity of the numerical model in reproducing
the experimentally observed damage mechanisms, crack patterns, and inter-story drift. The
utilized models were able to reproduce the hysteresis loop of experimental specimens with
high accuracy as reported in Fig. 5. The comparison between numerical analysis and the
experimental results is presented in Fig. 6, which shows similar crack patterns and fail-
ure modes for all cases. Crushing of brick units with limited mortar sliding was observed
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Fig. 5 Load-displacement curves for validation models (a) MV1 (solid), (b) MV3 (central window), (c)
MV7 (side window), and (d) MV8 (door)

for MV 1, which is designed with low-strength brick and high-strength mortar (Fig. 6(a)).
Shear sliding of bed mortar with minor damage on bricks was the dominant failure mode
for MV2 to MV4 with a low-strength mortar joint of 1.5 MPa (Fig. 6(b)). Intensive mortar
sliding was noticed with lower damage on brick units for MV5 to MVS8 (Fig. 6(c)). These
were mainly related to the relative strength between brick and mortar, where damage was
concentrated at the lowest strength compound. The crack width associated with the damage
states (DS) of validation specimens has been also evaluated. Generally, the maximum crack
width is 0.5 mm (DS1), 1 to 2 mm (DS2), and exceeds 2 mm (DS3 to DS4). Although the
width of major cracks in some specimens was not reported experimentally (for example
MVS5 to MV8), reasonable results were found by numerical models, where cracks exceed
10 mm width at the collapse stage.
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Fig. 6 Comparison between numerical and experimental crack patterns for (a) MV1 (Verderame et al.
2022), (b) MV3 (Kakaletsis and Karayannis 2008), and (¢) MV7 (Trapani et al. 2024)

4 Results and discussions
4.1 Load displacement curves

Load displacement curves for the main analysis namely bare frame, short infill (AR=0.6),
square infill (AR=1.0), and infill with opening are presented in Fig. 7, while the envelop
curves are shown in Fig. 8§ with varying infill strength and thickness. For all specimens,
the maximum lateral load capacity of infilled frames was higher than the bare frames by
approximately 2 times for low-strength infill (Fig. 7(b)) and 5 times for high-strength infill
(Fig. 7(d) and 7(g)), while it is reduced to 1.75 to 2.75 times for low and high strength infill
with openings respectively (Fig. 7(h) to 7(j)). The lateral resistance of high-strength infill
was 1.6 times greater than the ones corresponding to low-strength solid panels. The effect of
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Fig. 9 Variation of stiffness versus displacement for specimens with different typologies for (a) high-
strength infill and (b) low-strength infill

wall strength was lower for infill with opening, where 1.45 times greater capacity was found
for the high-strength panel, and the maximum capacity of infill with opening was lesser by
1.4 times compared with full infill frame (Fig. 8(a)). Thick infill walls were found to have
higher lateral capacity in comparison with thin infill by 1.3 to 1.57 times depending on the
infill strength (Fig. 8(b)).

The lateral stiffness of the specimens is calculated as the ratio of the lateral load to the
lateral displacement at each cycle and presented in Fig. 9. In all cases, the existence of
infill increases the lateral stiffness in comparison with the bare frames. The stiffness ratio
for strong infill panels was greater by an average of 2 times that of the corresponding weak
infill. However, low-strength infills have shown better ductility behaviour in comparison
with high-strength infills, where a noticeable reduction in ductility has been observed for
high-strength infills under increasing displacement, especially for short infills. A lower
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reduction in ductility was observed for solid square infill and infill with openings. Speci-
mens with openings showed lower stiffness in comparison with fully infill frames. The dif-
ference in stiffness in terms of wall thickness was insignificant for high-strength walls.

4.2 Damage state definition and assessment

Several studies have discussed the definition of the damage state of masonry infill walls
(Cardone and Perrone 2015; Chiozzi and Miranda 2017; Liu et al. 2022). Some researchers
have utilized the observation on the extent and severity of cracking patterns or failure typol-
ogy of brick units as indicators for defining different DSs. In contrast, others have adopted
the attainment of the peak load of the infilled frame or the achievement of given strength
reduction. The definitions of DSs in literature as summarized by Xie et al. (2022) presented
in Table 5.

The existing damage state definitions either focus solely on macroscopic damage with-
out considering the mechanical properties of the infill wall or lack detailed descriptions of
the damage phenomena rendering them less applicable in real earthquake scenarios (Liu et
al. 2022). The skeleton curve characteristics do not strongly correlate with visual damage
and should be avoided in fragility assessments (Xie et al. 2022). Besides, there are limited
quantitative measurements about damage characteristics (e.g. crack width) in most experi-
mental tests, making it difficult to establish reliable correlations between observed damage
and existing DSs definition (Vintzileou et al. 2020; Liu et al. 2024). This highlights the need
for more reliable damage assessment criteria to enhance the accuracy of damage evaluation.

Among the proposed DS definitions, this study relies on the maximum crack width cri-
terion as a reference for evaluating the damage severity associated with each damage state,
as it is quantitative, feasible, and more reliable than other methods (Xie et al. 2022). The
damage state of the thirty-seven specimens developed herein has been evaluated based on
the maximum crack width criteria presented in Table 6. Next, at each DS, the cumulative
damage characteristics including cracks, crack width, and pattern have been recorded. The
cracks with a width larger than 1 mm are considered visible, reflecting the visual crack
detectability under inspection conditions (Korswagen et al. 2019). Hence, the percentage of
wall area affected by clearly visible cracks is evaluated numerically using Eq. (2).

2

Wall ffect by visibl k
Percentage of cracking = < A afea eriect by VISIDIe crac S) x 100

Total wall area

Table 5 Damage state definition

DS  Phenomena-based criteria Maxi- Force-dis-
mum  placement
crack skeleton
width  curve

DS1 Initiation of cracks mainly in bed and head joints, with no significant brick I mm 2/3 peak
crushing or joint sliding. strength
DS2  Significant diagonal cracks exceed 2 mm width spreading over masonry units 2 mm Peak
and mortar joints with limited joints sliding and units crushing at corners. strength
DS3  Development of wide diagonal cracks (usually larger than 4 mm) with wide- 4 mm 20%
spread crushing and spalling of masonry units and significant joint sliding. strength
loss
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Table 6 Inter-storey drift values at the onset of damage States

No. Specimens A DS1 (%) DS2 (%) DS3 (%) DS4 (%)
1 FI-0.6-L1 3 0.1-0.15 0.55-0.75 1.5-1.7 2.1-2.25
2 FI-0.6-L2 2 0.15 0.55-0.8 1.6-2 22525
3 FI-0.6-H1 3 0.1-0.15 0.7-0.8 1.85-22 253

4 FI-0.6-H2 2 0.1-0.15 0.8 2-2.15 3

5 FI-1.0-L1 2 0.05-0.1 0.8-0.9 1.75-1.9 24-26
6 FI-1.0-L2 2 0.15 0.75-0.8 2.15-2.25 3-3.25

7 FI-1.0- H1 3 0.1 1-1.15 2-22 29-32
8 FI-1.0- H2 2 0.1 1.2 2.13 3.1

9 FI-1.6- L1 2 0.11-0.15 0.74-0.81 1.41-1.55 22224
10 FI-1.6- HI 3 0.11 0.81-1.18 1.85-2.22 259-3.15
1 CW-0.6- L1 1 0.1 0.4 0.9 14

12 CW-1.0- L1 1 0.05 0.4 1.23 1.9

13 CW-1.6-L1 1 0.07 0.59 1.29 1.85

14 CW-0.6- H1 1 0.05 0.5 1.55 2.15

15 CW-1.0- HI 1 0.05 0.55 1.75 25

16 CW-1.6- H1 1 0.07 0.81 1.59 2.22

17 SW-0.6-L1 1 0.05 0.3 0.8 1.1

18 SW-0.6- H1 1 0.1 0.4 14 1.9

19 DO-0.6- L1 1 0.05 0.4 0.8 1.55

20 DO-1.0- L1 1 0.05 0.4 2.5 2.15

21 DO-0.6- H1 1 0.1 0.4 1.5 2

2 DO-1.0- H1 1 0.05 0.5 1.55 25

a N=number of analyzed specimens

The observed results have shown noticeable effects of infill strength in terms of damage
characteristics on both the wall and RC frame. Although there are similar observations
about the influence of infill strength on accumulative damage have been highlighted in the
literature (Sassun et al. 2016; Liu et al. 2024), its effects have yet to be characterized in the
context of DS definition and fragility assessment. Therefore, new damage state criteria have
been established, considering both the damage characteristics and the mechanical properties
of infill walls. The suggested DS definition takes into account the damage status for both
the infill wall and RC frame and can be assessed through visual inspection or available data
in the literature, without requiring additional specific details on damage progression. The
proposed criteria are categorized into four stages, DS1 to DS4.

DS1: Minor cracks appear along with the initial detachment of the infill from the RC
frame at the top of the wall. There is no damage observed in the RC frame, and the influ-
ence of infill properties remains insignificant.

DS2: Low-strength masonry exhibits diagonal cracking with limited mortar joint slid-
ing. Visible cracks are observed, covering approximately 10-20% of the panel area. In
contrast, high-strength infills primarily show concentrated mortar joint sliding at the
wall corners, with a lower crack intensity affecting less than 10% of the panel surface.
Minor cracking also develops at the column ends.

DS3: Low-strength masonry experiences extensive diagonal cracking and sliding, ac-
companied by brick unit crushing and spalling. Visible cracks cover 30—40% of the wall
area, with cracks up to 2 mm at the column ends. High-strength infill exhibits mortar
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sliding, along with individual diagonal cracks and localized brick failure at the corners.
Cracks affect 10-25% of the wall area, with major cracks (width>4 mm) at the column
ends and the initiation of shear cracks in the columns.

DS4: Low-strength masonry develops wide diagonal cracks with significant mortar slid-
ing across the wall, leading to partial or total collapse. Visible cracks extend over more
than 40% of the wall area, accompanied by crushing at the column ends. High-strength
infill exhibits intensive mortar sliding at the corners, significant individual diagonal
cracks, and crushing at the corners. Visible cracks spread over more than 25% of the
panel area, with column-end crushing. Major shear cracks (up to 4 mm) have been also
captured in the columns, along with the initiation of cracks in the middle of the top
beam.

The proposed criteria categorize the damage progression for both the infill wall and RC
frame, enabling assessment based on visual inspection or available data in the literature,
without requiring additional details on crack width limits. The damage state definitions
established in this study are summarized in Table 7. As shown, several specimens exhibited
higher inter-story drift values, particularly DS2, DS3, and DS4, than those reported in the
literature. This variation can be attributed to the scale of the specimens used, particularly the
use of scaled frames with non-scaled brick. Although the size of the used bricks with respect
to the specimen scale (2/3) was small enough to minimize scale effects, it may introduce
artificial confinement effects, leading to an overestimation of lateral strength and displace-
ment capacity. Similar observations have been noted in the literature, where higher inter-

Table 7 Proposed damage state (DS) criteria

Infill DS  Masonry wall state RC frame state
strength
Low DS1  1-2 cracks in diagonal direction with first detachment of No damage
strength panel from RC frame.
panel DS2  Cracks in diagonal direction corresponding to 20% of wall No visible cracks
Frn < area with limited mortar sliding.
6 MPa) DS3  Intensive cracking and sliding along diagonal, with crushing  Cracks at the column
and spalling of brick unit (30-40% of wall area affected by ends
visible cracks).
DS4  Wide diagonal cracks with significant mortar sliding sepa- Crushing at the col-
rated over wall area, partial or total collapse expected. More ~ umn ends
than 40% effected by visible cracks.
High DS1  1-2 cracks in diagonal direction with initial detachment of No damage
strength panel from RC frame.
panel DS2  Crack in diagonal direction with mortar sliding at a corner. Minor cracks at col-
(Fn Less than 10% of wall area influenced by visible cracks. umn ends
>6 MPa) DS3  Sliding of mortar at corners with individual diagonal crack, Major cracks at the
failure of individual bricks at corners (10% to 25% of wall column ends with
area impacted by visible cracks). the initiation of shear
cracks in the mid-hight
columns
DS4 Intensive sliding at corners with significant diagonal cracks,  Crushing of column-

crushing of corners. More than 25% of wall area is effected
by visible cracks.

end. Major shear
cracks at the mid-hight
of columns, along with
cracks at the middle of
the top beam.
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story drift values are commonly associated with scaled specimens compared to full-scale
specimens (De Risi et al. 2018; Liu et al. 2022, 2024). Additionally, these differences are
also related to the combined effects of infill properties, boundary conditions, and damage
state definitions. These factors should be considered when applying these findings in perfor-
mance assessments and fragility analysis. The percentage of wall area impacted by visible
cracks under increasing lateral load is shown in Fig. 10. Specimens presented in Fig. 10
were categorized based on infill strength, namely low (F, < 6 MPa) and high (F,,, > 6 MPa)
strengths, where each colour refers to different specimens.

4.3 Damage phenomena for analysis samples

For low-bond strength short panels (FI-0.6-L1), slight diagonal cracks were initiated dur-
ing the first two drift amplitudes of ISD=0.15%. The maximum crack width exceeds 2 mm
at ISD>1%. Cracking and sliding are mainly concentrated along the wall diagonal and
more intensively between the mid-height and top corners of the masonry panel. As ISD
increased, significant sliding on the mortar was observed with the development of major
diagonal cracks. Intensive cracking and sliding with major cracks at the column ends were
developed at ISD>1.5%. The damage became severe with significant mortar sliding as the
lateral drift continued to increase. Better performance in terms of damage capacity was
found for low-bond strength with AR between 1 and 1.6 (e.g. FI-1.0-L1). The maximum
width of cracks reached 2 mm at ISD>1.5%. Major cracks up to 3 mm at column ends with
minor shear cracks were observed at relatively high drift (ISD>3%). For this type of wall,
shear sliding was the most common failure mode. Details of observed crack patterns are
shown in Fig. 11(a). However, the infill with a very low brick strength of 2 MPa, which will
be designated as FI-0.6-L1-LS for reference (Fig. 11(b)), showed lower mortar sliding and
more extensive cracking on the bricks. The major cracks continued to grow with noticeable
low mortar sliding as the story drift was increased. The ISD when crushing at the end of the
columns was observed between 2.5% and 3%.

100%
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X
[$)
T 60%
o
o
@]
(0]
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0% —a
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Fig. 10 The percentage of visible cracks for analysis models
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Fig. 11 Crack pattern on both masonry and interface of analysis models at DS2, DS3, and DS4 in panels
with (a) FI-0.6-L1, (b) F1-0.6-L1-LS, (c¢) F1-0.6-H1, (d) FI-0.6-L2, (¢) CW-0.6- L, and (f) DO-0.6- L1

For high-strength short panels (FI-0.6-H1), light cracks appear at the corners at a rela-
tively low drift of 0.15% to 0.2% (Fig. 11(c)). Major cracks exceed 2 mm width observed at
inter-story drift between 1.8% and 2%. Mortar sliding was significantly lower than the low-
strength panel, where at a high drift level (ISD>2%), mortar bed sliding was observed over
12% to 20% of the wall area. For this type of wall, damage was concentrated at the corners,
where corner crushing was the dominant failure mode. Similar behaviour was captured for
high-strength square and tall walls (AR between 1 and 1.6) in terms of crack pattern and
failure mode, however, damage capacity was higher. Generally, lower sliding and cracking
were developed for the square panel in comparison with the short wall at the same drift
level.

Regardless of infill strength, an increase in wall thickness (ex: FI-0.6-L2) resulted in a
noticeable reduction in the proportion of mortar failure, indicating that thicker walls are
more resistant to mortar damage. At ISD<2%, the number and width of cracks were not
significantly different between 100 mm and 200 mm thickness infill wall. However, at a
high drift level noticeable difference was captured (Fig. 11(d)).

@ Springer



6820 Bulletin of Earthquake Engineering (2025) 23:6801-6828

For the infill with openings (e.g. CW-0.6- L1), the cracks initiated at the corners of the
opening at ISD between 0.05% and 0.1% (Fig. 11(e) to (f)). Major cracks exceeding 2 mm
in width developed at the sides of the opening before the drift reached 1%. Mortar bed slid-
ing was separated over the wall portion between the opening and columns. The collapse area
was observed in wall piers on the sides of the opening with the development of major cracks
in columns ends at ISD>2%. At higher drift levels (ISD>3%), significant shear cracks were
detected on columns with the total crush of column ends.

Overall, masonry properties have shown a noticeable effect on the damage behaviour of
the infill RC frame. Short infill panels exhibited more severe damage relative to the applied
drift, independent of other wall properties. In all cases, infill strength had a significant influ-
ence on the extent of damage, crack patterns, and failure modes.

More severe damage to the surrounding RC frame was captured with increasing infill
strength. Moreover, the damage distribution and type of failure were extensively influenced
by the relative strength between mortar and brick. Damage is concentrated at the lowest
strength part of the panel namely mortar (low-bond strength (e.g. FI-0.6-L1)). A similar
observation was found through validation models, where damage was mainly concentrated
on brick units with minor joint sliding (MV1), while shear sliding of mortar joints was
observed for low-bond strength specimens (MV 2 to 4). Results also showed a noticeable
reduction in mortar sliding with increasing wall thickness, which has a direct impact on
collapse behaviour and brick spalling as highlighted by Lu et al. (2020). The variation in
the position of an opening (even when the percentage area of the opening remains constant)
results in a change to the damage amount and failure mechanism, with the side window
(SW) showing more intensive damage in comparison to the central window (CW). While
doors, with the larger opening percentage in comparison with windows, showed insignifi-
cant differences in the number and width of cracks, which highlighted the influence of the
type of opening on damage progress. Validation specimens with openings (MV3 to 4 and
MV6 to 8) showed similar behaviour in terms of damage behaviour and failure mechanism.

The influence of the discussed parameters, particularly infill strength, thickness, and
presence of opening, on damage behaviour of masonry infill is also aligned with the out-
lined drift limits in the draft of second-generation Eurocode 8 (prEN 1998-1-2:2025). The
indicated inter-story drift limits, as specified in the code draft, showed a dependency on
both the strength and thickness of the infill panel, where larger drift limits are specified for
thicker and higher-strength masonry infill. In all cases, a reduction in drift limits for infills
with openings was proposed, with a decrease of at least 20% compared to solid panels.

4.4 Drift base fragiy function

The ISD values related to the defined DSs were calculated for analysis samples. Based on
the obtained data, the lognormal cumulative distribution fragility function (Fi) and the dis-
persion (Pr) are evaluated according to Egs (3) and (4) and listed in Table 8. Br accounts for
both the specimen-to-specimen variability of the sample with different mechanical and geo-
metric parameters. Fi is the standard normal (Gaussian) cumulative distribution function, 6
is the median value of the probability distribution, Pr is the logarithmic standard deviation,
and N represents the total number of specimens tested.
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Table 8 Parameters related to the proposed fragility functions for Hollow clay brick solid infill panels and
distinction in terms of F |

Description Niest DSI1 DS2 DS3 DS4
[S] Pr (S] Br (S] Pr (S] Br
All samples 23 -2.18 0.36 -0.18 0.33 0.62 0.29 0.97 0.29
F,<6MPa 11 -2.14 0.42 -0.31 0.29 0.52 0.28 0.86 0.27
F, > 6 MPa 12 -2.21 0.29 -0.07 0.32 0.72 0.26 1.07 0.26
AR —-0.6 9 -2.12 0.33 -0.34 0.29 0.59 0.28 0.90 0.28
AR -1 9 -2.28 0.40 -0.07 0.3 0.68 0.27 1.02 0.27
AR-1.6 5 -2.14 0.28 -0.08 0.33 0.58 0.31 0.97 0.28
Opening 12 -2.77 0.4 -0.78 0.36 0.26 0.38 0.64 0.35
1.0 1.0

0.8 0.8

0.6 0.6
[N [N

0.4 0.4
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Liu et al. (2022) Liu et al. (2022)
0.2 De Risi et al. (2018) 0.2 De Risi et al. (2018)
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— Cardone and Perrone (2015) Cardone and Perrone (2015)
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Fig. 12 Comparison between evaluated fragility function in this study and literature at (a) initial damage
state, and (b) collapse damage state
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A comprehensive collection of experimental results with various geometric and material
properties was conducted in the literature to obtain the necessary data for developing fragil-
ity functions as explained in Sect. 1 (Chiozzi and Miranda 2017; Liu et al. 2022; and others).
The average mean capacity measure at DS1 evaluated in this study was higher by 19% and
29% than the corresponding values reported by Liu et al. (2022) and De Risi et al. (2018)
and lower by 10% and 28% in comparison with values founded by Chiozzi and Miranda
(2017) and Cardone and Perroner (2015) respectively as shown in Fig. 12(a). The most
significant differences were observed with values reported by Liu et al. (2022), where the
values estimated herein were higher by 110%, 95%, and 60% respectively, while the lowest
difference was found with those obtained by Cardone and Perrone (2015), lower than the
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values estimated in this study by 70%, 50%, and 40% respectively. The value calculated
by De Risi et al. (2018) was smaller by 85%, 70%, and 48% in comparison with this study.
Similarly, the reported by Chiozzi and Miranda (2017), with using of performance-based
criteria, are lower by 87% and 75% respectively. These differences at the collapse stage are
shown in Fig. 12(b).

Overall, these differences can be mainly justified based on (1) the difference in the type
of data adopted, (2) lack of details about damage progress in literature, and (3) divergences
in DS definitions. The specimens established herein were analyzed using the same frame
type, loading protocol, and boundary conditions to ensure consistency in analysis and com-
parability of results. However, significant variations in data were found among the derived
fragility functions by other studies, which may have a substantial effect on findings. For
instance, Cardone and Perrone (2015) employ data including in-plane monotonic, cyclic,
pseudo-dynamic load, and shaking table tests, while De Risi et al. (2018) considered only
tests characterized by masonry infill with hollow clay bricks.

Most of the derived fragility function by other researchers mainly depended on the
reported result by experimental studies in the literature. However, the provided description
of the visible damage to the infill walls is very limited. To overcome this limitation, some
researchers suggested the derivation of DSs based on the functional relationship between
the ISD value related to a certain damage state and the ISD value corresponding to the peak
load of the infill experimental response (De Risi et al. 2018; Liu et al. 2024). However, Xie
et al. (2022) found that the characteristic points on the skeleton curves were not shown to
strongly correlate with the extent of visual damage to the masonry walls and recommended
to be avoided when developing fragility functions.

Moreover, the developed fragility function from the literature was based on different DS
criteria, namely performance-based criteria and maximum crack width, among others. Xie
et al. (2022) found significant variations between the derived fragility functions based on
different DS definitions using the same experimental data.

In this study, the aforementioned challenges associated with the derivation of a high-
quality fragility function namely data availability, damage description, and the large number
of specimens requirement (FEMA — p58 recommended at least 5 specimens for developing
of high-quality fragility function) were overcome using detailed numerical analysis.

The influence of masonry compressive strength on the definition of displacement thresh-
olds corresponding to given physical damage levels has been also investigated (Fig. 13(a)).
It was found that the average mean capacity measure of specimens characterized by F,
> 6 MPa was generally higher than ones with F, < 6 MPa by 7% (DS1), 25% (DS2),
22%(DS3), and 24% (DS4). This finding partially confirms the trend reported by other stud-
ies, in which a significant influence of masonry infill compressive strength was observed for
DS2 to DS4 as highlighted by De Risi et al. (2018) and for all DSs by Chiozzi and Miranda
(2017). Nevertheless, a higher effect of infill strength was reported in the literature. These
are mainly related to large variations in boundary conditions, type of frame, and wall dimen-
sions from test to test, where the influence of these parameters has been neglected (Chiozzi
and Miranda 2017).

The influence of the aspect ratio of the infill panel on displacement capacity was also
investigated. Short infill walls showed lower displacement capacity in comparison with
square or tall walls by about 5% (DS1), 26% (DS2), 10%(DS3), and 15% (DS4). The effect
of wall thickness on given physical damage levels has been evaluated. Two subsets of sam-
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Fig. 13 Proposed fragility function based on (a) infill compressive strength, and (b) panel typology

ples with 100 mm and 200 mm infill thickness were considered. Through analysis, no sig-
nificant differences in the in-plane damage state can be found. Nevertheless, the thick infill
panel showed noticeably lower failure in mortar joints (interface), which may enhance the
out-of-plane (OOP) capacity for masonry panels. The OOP capacity of the infill wall is not
within the scope of this study.

The evaluation of the influence of openings in the damage assessment of masonry panels
has been performed (Fig. 13(b)). Analysis results have found a significant effect of opening
on displacement capacity for all damage states, with an average reduction of 55% for DS1
to DS2 and about 35% for DS3 and DS4 in comparison with full-infill walls. This compari-
son primarily focused on the effect of wall type on the damage probability by analyzing all
full-infill walls against those with openings, with both groups containing walls that varied in
key parameters such as infill strength and aspect ratio. The observed results were generally
similar to the trend reported in the literature. In detail, Chiozzi and Miranda (2017) high-
lighted a significant reduction of masonry infill capacity for DS1 and DS2 in the presence
of openings. De Risi et al. (2018) reported a 25% lower capacity for infill with openings
at DS2, while a negligible influence was evaluated in terms of drift capacity at collapse.
Finally, Cardone and Perrone (2015) suggested a reduction of about 25% in the presence of
windows and of the order of 50% in the presence of doors for DS1 to DS3, and an equal drift
capacity to panel without opening was assumed for DS4.

The calculated reduction for infill panels with opening by other research was based on
quite a limited number of tests ignoring the variation in opening percentage, opening eccen-
tricity, and the significant difference in the number of samples between solid infill and with
opening. For instance, De Risi et al. (2018) evaluated only DS2 and DS4 because of insuf-
ficient details about damage progress and limited data. Moreover, the utilized data includes
different opening percentages (between 10% and 40%) and opening eccentricity, which
increase the divergences in findings.
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5 Conclusions

In this study, in-plane drift-based fragility functions of masonry infill RC frame were derived
based on micro finite element analysis. Numerous numerical models have been designed as
a function of influential infill parameters including type of panel, strength, thickness, and
aspect ratio. The total strain crack model and mohr-coulomb criterion have been adopted
to describe the behaviour of masonry and interface respectively. Longitudinal and transver-
sal steel reinforcements were modeled using of Menegotto-Pinto model. The displacement
capacity at target damage states has been also calculated and compared with other studies.
Findings were validated against experimental tests in the literature. The conclusions from
this research are as follows:

o A damage state definition was introduced based on accumulative visible cracks un-
der increasing lateral load considering both damage characteristics and the mechanical
properties of walls. It can be assessed through visual inspection or available data in
literature. The findings reveal that the damage states are directly related to ISD and infill
strength.

® The determination of damage states is influenced by several parameters that introduce
uncertainty. Infill strength emerged as the most influential parameter in determining
in-plane drift ratios across moderate to collapse damage states. Higher probabilities of
reaching damage states were associated with low-strength masonry. The presence of
openings has a considerable impact on the fragility functions of all damage states. The
aspect ratio exhibited a notable effect on the development of cracking at DS2, but its
influence reduced as the damage progressed. The wall thickness showed an insignificant
influence across the entire range of damage states.

o The damage behaviour of masonry infill subjected to in-plane load is affected by infill
strength, type of panel, and aspect ratio. Infill strength significantly influenced the extent
of damage and failure modes. The variation in the position of an opening alters the dam-
age progression rate and affects the failure mechanism. Short infill walls exhibited the
most intensive damage relative to the applied drift.

e The calculated in-plane drift values required to reach DS1, DS2, DS3, and DS4 were
0.11%, 0.84%, 1.86% and 2.64% respectively. The developed fragility functions were
higher than those reported in the literature. The observed differences are directly related
to the type of data, inadequate damage description, divergences in DS definitions, and
possibly the use of scaled specimens.

This study advances the field of seismic vulnerability and risk evaluations by examining
the impact of critical factors, including aspect ratio, infill strength, infill thickness, and the
presence of openings, thereby providing a deeper understanding of the seismic behavior
of masonry infill walls and their fragility assessment. Beyond the investigated parameters,
future studies could explore the influence of scaling and type of loading on drift capacity
to refine damage state calibration and strengthen the applicability of fragility functions.
Future work should also focus on exploring the effect of in-plane damage on the out-of-
plane capacity of infill walls, particularly regarding the reduced occurrence of mortar joint
failure observed in thick walls.
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